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Basolateral endocytosis of protein in isolated perfused proximal tu-
bules. Luminal uptake and degradation of protein in proximal tubules is
well documented. However, abluminal uptake has only been demon-
strated in a few species and probably only amounts to a few percent of
luminal absorption. To investigate this absorptive pathway, isolated
perfused proximal tubules from rabbit kidney were exposed to either
cationized ferritin or horseradish peroxidase in the bath for 30 mm. The
tubules were then fixed and processed for electron microscopy. Per-
oxidase and small amounts of ferritin were found in the intercellular
spaces, in endocytic vesicles located in the abluminal part of the cells
and in multivesicular bodies. No tracer was found in the lumina or in the
apical part of the cells. The tubules were ultrastructurally intact thus
excluding the possibility that the proteins were absorbed via the luminal
endocytic pathway or as a result of damaged cell membranes. In
conclusion, this study presents evidence that ferritin and peroxidase
can be absorbed via the basolateral membranes in rabbit proximal
tubules.
Endocytose basolatérale des protéines dans des tubules proximaux
isolés perfuses. La captation et la degradation luminales de proteines
dans les tubules proximaux est bien documentée. Cependant, Ia capta-
tion abluminale a été démontrée dans peu d'espèces seulement et
represente probablement un faible pourcentage de l'absorption
luminale. Explorer cette voie d'absorption, des tubules proximaux
isolés perfusés de rein de lapin ont été exposés soit a de la ferritine
cationique, soit a de Ia peroxydase de raifort dans le bain pendant 30
mm. Les tubules étaient ensuite fixes et préparés pour la microscopie
electronique. De la peroxydase et de faibles quantités de ferritine
étaient trouvées dans les espaces intercellulaires, dans des vésicules
endocytaires situées a la partie abluminale des cellules, et dans des
corps multivésiculaires. Aucun traceur n'était retrouvé dans les
lumières ou dans les parties apicales des cellules. Les tubules étaient
ultrastructuralement intacts, excluant ainsi la possibilité que les
protéines aient été absorbées par la voie endocytaire luminale, ou a la
suite de lesions des membranes cellulaires. En conclusion, cette étude
présente Ia preuve que Ia ferritine et la peroxydase peuvent être
absorbées par les membranes basolatérales de tubules proximaux de
lapin.
It is generally accepted that proteins filtered in renal
glomeruli are taken up and degraded by the cells of the proximal
tubules [1—81. However, it is still not clear if abluminal uptake of
proteins also takes place and if so to what extent as compared
to the luminal uptake. Bourdeau, Chen, and Carone [3] and
Bourdeau and Carone [91 examined the abluminal uptake of
iodinated bovine serum albumin and iodinated insulin in iso-
lated proximal tubules from rabbits and found an apparent
uptake averaging 3.5 to 6%. These results did not clarify
whether the proteins were located in the lateral intercellular
spaces or had actually been taken up by the cells. Ottosen and
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Maunsbach [101 were not able to demonstrate any uptake of
horseradish peroxidase in renal tubules from the flounder
whereas results presented by Bentzel et al [11] suggested
abluminal uptake of this protein in Necturus.
In the present study we used isolated perfused proximal
tubules from rabbit kidney to look for a possible abluminal
uptake of cationized ferritin and horseradish peroxidase in a
preparation in which we could exclude erroneous interpreta-
tions due to luminal uptake. The results showed that there was
indeed a small but significant end ocytic uptake of both proteins
at the basolateral cell membranes.
Methods
Animals
Female albino rabbits (Oryctulagus cuniculus, SSc:CPH,
Statens Seruminstitut, Copenhagen, Denmark) weighing be-
tween 1000 and 2000 g, were anesthetized with sodium
pentobarbital (Nembutal®, Abbott Laboratories, Hospital
Products Division, North Chicago, Illinois, USA, 65 mg/kg of
body wt) injected into an ear vein.
Isolation and perfusion of renal tubules
In the experimental animals the left kidney was immediately
removed and cut in slices perpendicular to the long axis of the
kidney. The slices were kept in chilled rabbit serum bubbled
with a mixture of 95% 02 and 5% CO2 to maintain pH at 7.2 to
7.4 at 4°C. Proximal tubular segments (S2) were isolated from
the midcortical area in the cortical labyrinth according to the
method described by Burg et al [12] and were transferred to a
chamber containing rabbit serum placed on the stage of an
inverted microscope. The tubules were mounted between a
system of pipettes which on the perfusion side was composed of
a fluid exchange-pipette, a perfusion-pipette, a holding-pipette,
and a sylgard-pipette and on the collection side of a holding-
pipette, collection pipette, and a sylgard-pipette [13, 14]. The
sylgard-pipettes were included to prevent leaks betwen the
luminal and peritubular compartments. Tubules were perfused
with a Krebs-Ringer bicarbonate solution (115 mM NaCl, 5 mM
KC1, 10 mrvi CH3COONa, 1.2 m'vi MgSO4, 1.2 mM NaH2PO4, 25
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mM NaHCO3) containing 5 m glucose. The perfusate was
adjusted to pH 7.2 with a mixture of 95% 02 and 5% CO2 prior
to the start of the perfusion. The osmolality of the perfusate was
290 mOsm.
The experiment was started by heating the bath to 37°C, and
pH was maintained at 7.4 by continuously gassing the rabbit
serum with the mixture of 95% 02 and 5% Co2.
In three experiments horseradish peroxidase (HRP; type VI,
Sigma Chemical Co., St. Louis, Missouri, USA) was added to
the bath to a final concentration of 2 mg/mI, p1 7.8 [15, 16].
Cationized ferritin was prepared and kindly supplied by Dr.
Helmut Rennke, Department of Pathology, Brigham and
Women's Hospital and Harvard Medical School, Boston, Mas-
sachusetts, USA. The cationized ferritin, p1 9.7, was prepared
by modification of carboxyl groups [17, 18]. The reaction was
carried out in a solution containing 1 mg/mi of protein, 0.02 M
I-ethyl-3-(3-dimethylaminopropyl)carbodiimide (Calbiochem,
San Diego, California, USA) and 0.08 M of the nucleophile
glycine methyl ester (Aldrich Chemical Company). In three
experiments cationized ferritin was added to the bath (1200 pi)
to a final concentration of 2 mg/mI. The tubules were perfused
for 30 mm, after which the tubules were fixed.
Fixation of in vitro perfused tubules
After perfusion for 30 mm of all experimental and control
tubules, the perfusate was exchanged with 2% glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 7.3) containing Light Green
(Gurr, Hopkin and Williams, Essex, England). The bath was
then exchanged after perfusion with glutaraldehyde for 60 sec,
with fresh serum to remove unbound protein before being
exchanged with 2% glutaraldehyde in 0.1 M sodium cacodylate
buffer plus 4% polyvinylpyrrolidone (PVP:MW 25.000; pH 7.3,
about 490 mOsm).
The tubules exposed to HRP were further fixed in 2%
glutaraldehyde in 0.1 M sodium cacodylate buffer plus 4% PVP
for 1 hr after the initial fixation and then incubated for 10 mm
with 3 ,3-diaminobenzidine tetrahydrochloride (Sigma Chemical
Co., St. Louis, Missouri, USA) 2.5 mg in 5 ml 0.05 M Tris-HC1
buffer, pH is 7.6 + 0.01% H202 [191 to visualize peroxidase in
the cells. The tubules were then postfixed in 1% OsO4 in veronal
acetate buffer for 30 mm, dehydrated in graded alcohols, and
embedded in Epon 812.
Three control tubules were perfused with the addition of HRP
to the bath, fixed in glutaraldehyde, and divided into two parts.
One part was processed as described above to localize the
HRP-reaction product, the other part was processed in the
presence of 0.05 M sodium cyanide in 0.05 M Tris-buffer after
preincubation for 10 mm in 0.05 M sodium cyanide in 0.05 M
Tris-buffer. Two controls were perfused without the addition of
HRP to the bath.
The tubules exposed to ferritin were then fixed in the same
glutaraldehyde fixative for at least 24 hr and postfixed in 0504
in veronal acetate buffer (pH 7.3, 340 mOsm) for 30 mm,
dehydrated in graded alcohols, and embedded in Epon 812. The
tubules were sectioned for electron microscopy, sections were
stained with uranyl acetate and lead citrate, lead citrate alone or
left unstained and examined in an electron microscope (Jeol
100CX or Jeol bOB).
Five pieces of cortex were fixed in the same fixative as the
isolated tubules and processed in the same way for electron
microscopy to test for ferritin-like particles in the tissue.
Results
Peroxidase-treated tubules
In tubules exposed to HRP the intercellular spaces and basal
infoldings were filled with reaction product (Figs. 1 and 2). The
peroxidase did not penetrate the tight junctions (Fig. 3), and gap
junctions appeared empty as compared to intercellular spaces
(Fig. 4). Reaction product was also found in coated vesicles and
in larger vacuoles in which the peroxidase was located along the
membrane, in the abluminal part of the cells (Fig. 5) but also in
lysosomes which often had the appearance of multivesicular
bodies (Figs. 1 and 2). No peroxidase was present in the lumen
of the tubules, the brush border, or the apical part of the cell
(Figs. 1, 2, and 3). The cells appeared normal without signs of
cellular damage. Neither control tubules incubated with sodium
cyanide nor control tubules perfused in the absence of HRP
added to the bath showed the presence of HRP-reaction product.
Ferritin-treated tubules
The ferritin molecules were concentrated in the outer part of
the basement membrane (Fig. 6) but were also seen in the
lateral intercellular spaces (Fig. 7). Ferritin was also seen in
small endocytic invaginations (Fig. 8) and in endocytic vesicles
and vacuoles (Fig. 9) in the abluminal part of the cells. Despite
the relatively few particles located in the intercellular spaces
and endocytic vacuoles, ferritin molecules were also found in
lysosomes and multivesicular bodies in the cells (Fig. 10). We
found no ferritin particles in the lumen or sticking to the brush
border. Ferritin molecules were not found in apical endocytic
vesicles, vacuoles, or dense apical tubules (Fig. 7). The cells
appeared normal and showed no signs of damage.
Controls revealed electron dense particles which had a slight
resemblance to ferritin molecules in a few lysosomes (Fig. 11).
The particles were seen in stained as well as in unstained
sections. However, they were usually smaller and more ir-
regular in shape than the ferritin molecules (compare Figs. 10
and 11) and they were never found in the basement membrane
or in endocytic vesicles as were ferritin molecules.
Discussion
Luminal uptake and degradation of several proteins has been
demonstrated in a variety of species [1—8, 20, 21]; the factors
influencing these events are being studied intensively [6, 22—261.
Many authors describe how proteins gain access to the intercel-
lular spaces [10, 11, 25, 261, but abluminal uptake has so far
only been demonstrated ultrastructurally in a few species.
Kessel [27] demonstrated invaginations of the lateral cell mem-
brane in intercellular spaces filled with HRP in the Malpighian
tubules of the dragonfly. Bentzelet al [11] likewise used HRP in
Necturus and demonstrated reaction products in the cells
without the possibility for a luminal uptake. Feria-Velasco [28]
demonstrated peritubular uptake of HRP in the rat while the
arterial renal pressure was reduced to prevent glomerular
filtration and thus uptake via the luminal pathway. Ottosen and
Maunsbach [101 used HRP, which easily penetrated into the
intercellular spaces of flounder kidney tubules, but found no
abluminal uptake in this species. Bourdeau, Chen, and Carone
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Fig. 1. (Top) Proximal tubule incubated with horseradish peroxidase. The reaction product is seen in intercellular spaces (IS), in lysosomes (L),
in basal endocytic vacuoles (arrows), and in a multivesicular body (MVB). (x 15,000) Fig. 2. (Bottom) Proximal tubule incubated with horseradish
peroxidase, unstained section. The reaction product is localized as it is in Figure I. Especially note the reaction product in a multivesicular body
(MVB) and in lysosomes (L). There is no reaction product in the lumen (LU). (x 15,000)
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Fig. 3. (Top left) Apical part of proximal tubule incubated with horseradish peroxidase (HRP). The HRP does not penetrate the tight junction (TJ).
No reaction product is seen in the lumen or on the microvilli (MV). (x 100,000) Fig. 4. (Top right) Intercellular spaces filled with reaction product
for horseradish peroxidase. The gap junction (GJ) appears empty. Reaction product is seen in a small vesicle (SV). (x 30,000) Fig. 5. (Bottom left)
Basal part of proximal tubule incubated with horseradish peroxidase (HRP). Endocytic vacuoles contain reaction product for HRP (EV).
(x 19,000) Fig. 6. (Middle right) Basal port of proximal tubule incubated with cationizedferritin (CF). CF is generally concentrated in the outer
part of the basement membrane (BM) but is also seen in a cytoplasmic vacuole (V). (x 60,000) Fig. 7. (Bottom right) Ferritin molecules in the
intercellular space (arrows). Abbreviations are: dense apical tubules (AT) and microvilli (MV). (x 60.000)
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Fig. 8. (Top left) Cationizedferritin molecules in
basement membrane (BM) in the intercellular spaces
(arrow) and in an endocytic invagination (El).
(x 100,000) Fig. 9. (Middle left) Basal part of proximal
tubule incubated with cationizedferritin. Ferritin
molecules are seen in endocytic vesicles (arrows) and in
the intercellular space (arrowheads). (x 100,000) Fig. 10.
(Bottom left) Ferritin localized in an endocytic vacuole
and a multivesicular body (MVB). (x 100,000) Fig. 11.
(Top right) Lysosome from control tubule not incubated
with ferritin. Irregular electron-dense particles are seen
specifically over this cytoplasmic body. (x 100,000)
[3] and Bourdeau and Carone [9] determined the apparent
uptake of radioiodinated proteins as about 3.5 to 6% of the
uptake via the luminal route in isolated rabbit proximal tubule.
In the same study [9] electron microscope autoradiography
failed to demonstrate abluminal uptake of the protein. Tisher
and Kokko [261, likewise, demonstrated albumin in the intercel-
lular spaces of isolated perfused rabbit tubules by electron
microscope autoradiography. However, it is difficult by this
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technique to detect small amounts of proteins taken up from the
intercellular spaces as was realized by Ottosen [29] who used
radioiodinated lysozyme as a tracer in the flounder.
It has long been claimed that insulin is degraded in significant
amounts (up to 50% of the filtered amount of insulin) by means
of an as yet undefined peritubular mechanism. These results
were derived from clearance studies in whole kidneys either in
vivo [30, 31] or in vitro [32, 33], from isolated membrane
fractions [34, 351 and from collagenase-treated isolated cortical
tubules [361. The nature of this mechanism still remains to be
clarified, especially in view of the present ultrastructural study,
demonstrating only a small although significant basolateral
uptake but also because of the above-mentioned studies which
either failed to demonstrate abluminal uptake or suggested only
a very limited uptake. Another indication that uptake via the
basolateral cell membrane remains small is the relatively rare
appearance of endocytic invaginations of the cell membrane
compared to the much more frequent occurrence of such
structures in the luminal membrane.
An advantage of using the isolated and in vitro perfused
tubule is the possibility of a total separation of the luminal and
peritubular compartments. However, the preparation is prob-
ably only reliable if the tubules are undamaged during the
experiment [37]. In the present study we retained a normal
ultrastructure and all tracer substances were found in the
intercellular spaces or intracellularly in membrane-bound com-
partments and not free in the cytoplasm. The sylgard-pipettes
further ensured the endocytic uptake of the proteins studied
could be due only to uptake via the basolateral cell membranes.
This conclusion was supported by the absence of ferritin and
peroxidase in the lumina of the tubules. Like previous authors
[10, 381 we found that peroxidase and ferritin were stopped at
the tight junctions and thus could eliminate contamination of
the lumina by this route. Despite a high isoelectric point, the
penetration of ferritin through the basement membrane was
apparently restricted, probably because of its high molecular
weight, with the result that only few ferritin molecules were
found in intercellular spaces. This observation corresponds to
observations in glomeruli [391 and in previous studies on the
permeability of peritubular capillaries [251.
Heavy metals are known to accumulate in lysosomes [40, 41]
and we believe that the irregular particles seen in the control
tubules represent heavy metal particles accumulated in the
lysosomes in vivo and possibly iron-containing proteins 42].
However, their origin will have to be further investigated. In the
electron micrographs it was not difficult to distinguish between
these particles and the more regular ferritin molecules.
The observation that the proteins were mainly in multi-
vesicular bodies suggests that protein taken up from the
peritubular side is mainly transferred to other lysosomes as
compared with protein taken up from the lumen. Experiments
are in progress to examine this possibility.
In conclusion, the present study provides evidence for a
small but significant endocytic uptake of protein from the
abluminal side of rabbit proximal tubules.
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